Introduction
============

Cell division entails a series of complex events in order to ensure the equal segregation of replicated chromosomes from a mother cell into two daughter cells. In eukaryotes, accurate chromosome segregation is facilitated by microtubules (MTs). MTs are nucleated from spindle poles and also from kinetochores, proteinaceous complexes that form on centromeres. Spindle MTs either connect spindle poles to kinetochores (kinetochore MTs \[kMTs\]) or connect the two spindle poles (interpolar MTs \[iMTs\]). Before chromosomes separate (preanaphase/metaphase), MTs undergo rapid cycles of polymerization and depolymerization to facilitate attachment of each sister chromatid pair to opposite poles (chromosome biorientation; [@bib24]; [@bib27]). Once chromosomes separate (anaphase), iMTs become less prone to depolymerization. This promotes iMT elongation, resulting in spindle pole separation, and also maintains spindle stability under the forces generated by pulling chromosomes to the opposite poles.

This significant alteration in MT dynamics at the metaphase--anaphase transition is triggered by decreased Cdk1-dependent substrate phosphorylation ([@bib72]; [@bib22]). Cdk1 activity peaks in metaphase and declines after anaphase onset ([@bib65]). One Cdk1 substrate that supports anaphase spindle stabilization is the chromosomal passenger complex (CPC; [@bib47]; [@bib49]). These observations raise some important questions that are addressed here, including whether Cdk1 solely governs cell cycle--dependent MT dynamics and how CPC association with MTs influences MT behavior.

The CPC is conserved among eukaryotes and consists of Ipl1/Aurora B kinase and its regulatory subunits: Sli15/INCENP, Bir1/Survivin, and Nbl1/Borealin/Dasra, each required for proper localization, and thus function, of the CPC ([@bib8]). The CPC regulates many functions including chromosome biorientation and condensation, spindle assembly checkpoint activation, anaphase spindle stability, and cytokinesis ([@bib59]). The CPC localizes to centromeres in metaphase and relocalizes to the spindle in anaphase ([@bib15]), and this localization pattern is controlled by Cdk1 in both vertebrates and yeast ([@bib49]; [@bib20]; [@bib28]; [@bib68]).

Not only is the CPC modified by Cdk1, but three of the CPC subunits (Sli15/INCENP, Bir1/Survivin, and Ipl1/Aurora B) are also phosphorylated by Ipl1/Aurora ([@bib31]; [@bib4]; [@bib73]). Some of these phosphorylation sites are essential for kinase activation ([@bib47]; [@bib76]). However, little is known about the role of Ipl1/Aurora-dependent CPC phosphorylation at sites not directly involved in Aurora B activation. To uncover the role of this phosphorylation, we used chemical genetics and mutagenesis of phosphorylated residues, combined with cell biological, biochemical, and biophysical approaches. Here we describe how Ipl1/Aurora-dependent Sli15 phosphorylation modulates MT dynamics during cell division by regulating direct binding of the CPC to bundled MTs.

Results
=======

Phosphorylation of Sli15/INCENP by Ipl1/Aurora is essential for CPC exclusion from preanaphase spindles
-------------------------------------------------------------------------------------------------------

The yeast CPC, like vertebrate CPCs, associates with centromeres in preanaphase ([@bib66]; [@bib7]). In addition, the yeast CPC has a diffuse, nonuniform nuclear localization in preanaphase ([Fig. 1 A](#fig1){ref-type="fig"}; [@bib66]; [@bib61]). During this period, CPC interacts with chromosome arms in addition to centromeres ([Fig. 1 B](#fig1){ref-type="fig"}). Interestingly, CPC localization during this period is dynamic and requires MTs ([Fig. 1 A](#fig1){ref-type="fig"} and [Video 1](http://www.jcb.org/cgi/content/full/jcb.201009137/DC1)).

![**The CPC has a diffuse nuclear localization in preanaphase that requires MTs.** (A, top) MTs regulate preanaphase CPC localization. Representative cells containing *BIR1-3GFP* treated with DMSO or nocodazole (NOC). Bar, 2 µm. (bottom) Time-lapse Bir1-3GFP images from [Video 1](http://www.jcb.org/cgi/content/full/jcb.201009137/DC1) for the cells above. (B) CPC localizes to chromatin arms as well as centromeres in preanaphase. PCR products amplified from DNA obtained by chromatin immunoprecipitation from cells containing *BIR1-13myc* (left) and primer pair locations (right). IN, input DNA; −, no antibody; +, anti-myc antibody.](JCB_201009137_GS_Fig1){#fig1}

Because MTs regulate Aurora B ([@bib58]; [@bib67]), and Ipl1/Aurora B phosphorylates CPC subunits ([@bib31]; [@bib4]; [@bib73]), we hypothesized that Ipl1/Aurora-dependent CPC subunit phosphorylation might regulate CPC function via changes in its localization. To investigate whether phosphorylation by Ipl1 affects CPC localization, we used an analogue-sensitive *IPL1* allele (*ipl1-as6*; [@bib52]), and assessed preanaphase CPC localization when Ipl1 is inhibited. In wild-type cells, Sli15-3GFP was diffusely localized in the nucleus upon DMSO (carrier) or 3-MB-PP1 (inhibitor) treatment ([Fig. 2](#fig2){ref-type="fig"}, A \[left\] and B). In contrast, in all inhibitor-treated *ipl1-as6* cells, Sli15-3GFP became concentrated on the spindle and around the spindle poles, whereas DMSO had no effect ([Fig. 2](#fig2){ref-type="fig"}, A \[right\] and B). The two other CPC components examined, Bir1 and Nbl1, also relocalized to the spindle when Ipl1 is inhibited ([Fig. S1, A and B](http://www.jcb.org/cgi/content/full/jcb.201009137/DC1)). As seen for preanaphase arrest, Sli15-3GFP became focused to the spindle and around spindle poles in inhibitor-treated *ipl1-as6* cells arrested in metaphase by Cdc20 depletion ([@bib69]; Fig. S1 C). Similar results were also seen for the CPC in a temperature-sensitive (ts) *ipl1* background (Fig. S1 E), validating the results obtained using a small-molecule inhibitor. To test whether a change in Sli15 phosphorylation coincides with CPC relocalization, we examined the electrophoretic mobility of Sli15 from wild-type and *ipl1-as6* cells treated with inhibitor. In wild-type cells, Sli15 migrates as two major bands. At 15 min after adding inhibitor, the intensity of the top Sli15 band was significantly reduced in *ipl1-as6* compared with wild-type cells ([Fig. 2 C](#fig2){ref-type="fig"}).

![**Sli15/INCENP phosphorylation by Ipl1/Aurora is required for CPC exclusion from preanaphase spindles.** (A) Ipl1 inhibition targets Sli15 to the preanaphase spindle. Representative cells containing *IPL1* or *ipl1-as6* and *SLI15-3GFP*, treated with DMSO or 40 µM 3-MB-PP1 for 15 min. Bar, 2 µm. (B) Quantification of observations represented in A. More than 200 cells from each treatment were analyzed using mCherry-Tub1 as a reference. Error bars show standard errors. (C) A subset of preanaphase Sli15 phosphorylation depends on Ipl1 activity in vivo*.* Sli15-13myc mobility shift upon Ipl1 inhibition was detected by Western blot of lysates from *ipl1-as6* or *IPL1* cells with or without alkaline phosphatase treatment. Cells were treated as described in A. (D) Diagram of Sli15 showing consensus sites for Ipl1/Aurora B (\[RK\]x\[ST\]\[ILVST\]; [@bib26]; [@bib4]; [@bib11]) and Cdk1 (\[ST\]Px\[RK\]; [@bib23]). MT-binding region (aa 227--559; [@bib31]). T, three-helix bundle domain (aa 3--46; [@bib29]; [@bib48]); IN, IN-box (aa 630--698; [@bib1]). (E) Ipl1 phosphorylation site mutations in *SLI15* diminish its phosphorylation in vivo. Western blot of whole-cell lysates from *SLI15-13myc* or *sli15-17A-13myc* cells. Cells were treated as described in A. (F) CPC containing sli15-17A retains normal kinase activity. In vitro kinase assay of the CPC containing only wild-type subunits (WT), ipl1-K133R (KD, kinase dead; [@bib46]), or sli15-17A (17A) using the Dam1 complex and a histone H3/H4 tetramer as substrates. (G) sli15-17A shows a preanaphase spindle localization similar to that of Sli15 upon Ipl1 inhibition. Cells containing *mCherry-TUB1,* and *SLI15-3GFP* or *sli15-17A-3GFP,* were treated as described in A. Bar, 2 µm. (H) Quantification (as described in B) of the observations represented in G. "Other" denotes cells with foci that were not along spindle MTs or near the spindle poles. More than 200 cells from each treatment were analyzed. Error bars show standard errors.](JCB_201009137_RGB_Fig2){#fig2}

Intriguingly, the observed premature spindle localization of the CPC resembles CPC localization in cells containing *SLI15* mutations that reduce Cdk1 phosphorylation ([@bib49]). Our results demonstrate that Cdk1 is not the sole regulator of preanaphase CPC localization and that proper CPC localization also requires Ipl1/Aurora activity. The Cdk1 phosphorylation sites are within the MT-binding region of Sli15 ([@bib43]; [@bib31]). Notably, Ipl1 consensus sites in Sli15 are concentrated within the MT-binding region ([Fig. 2 D](#fig2){ref-type="fig"}). Therefore, we investigated whether Ipl1-dependent phosphorylation of these sites also regulates CPC-spindle association. We mutated 17 serines or threonines that occur within the Ipl1 consensus sequence in Sli15 to alanines, generating *sli15-17A*. None of these residues are expected to be phosphorylated by Cdk1 ([@bib49]). The sli15-17A protein showed faster electrophoretic mobility compared with wild-type Sli15 ([Fig. 2 E](#fig2){ref-type="fig"}), as was seen for Sli15 upon Ipl1 inhibition ([Fig. 2 C](#fig2){ref-type="fig"}). To eliminate the possibility that the mutations in *sli15-17A* affect Ipl1 activity, we generated recombinant CPC containing either wild-type Sli15 (WT CPC) or sli15-17A (17A CPC) and examined their ability to phosphorylate two known in vivo Ipl1 substrates, the Dam1 complex and histone H3 in vitro ([@bib26]; [@bib11]). The 17A CPC phosphorylated Dam1 complex components (Ask1, Dam1, and Spc34) and histone H3 to a level comparable to the WT CPC ([Fig. 2 F](#fig2){ref-type="fig"} and [Fig. S2 A](http://www.jcb.org/cgi/content/full/jcb.201009137/DC1)). To test whether CPC in *sli15-17A* cells mimics the CPC localization in *ipl1-as6* cells, we examined sli15-17A-3GFP localization during preanaphase. In 88% of cells, sli15-17A-3GFP localized to the spindle and/or around spindle poles compared with 0% for Sli15-3GFP ([Fig. 2, G and H](#fig2){ref-type="fig"}). This observation, together with the in vitro kinase activity of the 17A CPC, indicates that phosphorylation of these serines and threonines prevents CPC association with preanaphase spindles.

Ectopic localization of active Ipl1/Aurora to the metaphase spindle decreases MT dynamics
-----------------------------------------------------------------------------------------

CPC localization in *sli15-17A* cells was similar to CPC localization upon Ipl1 inhibition, even though the 17A CPC retained normal kinase activity in vitro. These observations prompted us to investigate two ways in which the *sli15-17A* mutations might affect CPC function: (1) *sli15-17A* could cause an *IPL1* loss of function phenotype by removing Ipl1 from where it normally acts, or (2) *sli15-17A* could give rise to a new phenotype by forcing active kinase to localize on the metaphase spindle, which may disrupt mechanisms operating under the spatiotemporal control of the CPC. To explore these possibilities, we first tested whether *sli15-17A* caused chromosome biorientation defects similar to those seen for loss of Ipl1 function by examining the position of *CEN15* relative to the spindle pole protein Spc42 in wild-type and *sli15-17A* cells. In wild-type metaphase cells, the two *CEN15* dots are 0.5--0.8 µm apart in the center of the spindle ([@bib19]). In contrast, ∼70% of cells in ts *ipl1* and *sli15* mutants have unseparated *CEN* dots near one spindle pole, an indication of monooriented chromosomes ([@bib10]; [@bib3]; [@bib66]). The *sli15-17A* mutation caused no significant monopolar attachment compared with wild-type (6.4% and 5.5%, respectively; [Fig. 3 A](#fig3){ref-type="fig"}), indicating that the *sli15-17A* mutations are different from *IPL1* or *SLI15* loss-of-function alleles.

![**Ectopic localization of active Ipl1/Aurora to metaphase spindles decreases MT dynamics.** (A) *sli15-17A* increases centromere mispositioning in metaphase. Percentage of cells showing different classes of *CEN15* (marked with GFP) positioning relative to Spc42-GFP in *SLI15* and *sli15-17A* cells. (B) *sli15-17A* reduces MT polymerization in metaphase. Representative FRAP images of GFP-Tub1--marked spindles in *SLI15* and *sli15-17A* cells. Photobleached areas are indicated with squares (at 3 s). (C) FRAP quantification of B reveals decreased MT dynamics in *sli15-17A* cells. (D) Ipl1 inhibition has no statistically significant effect on MT dynamics. FRAP quantification for metaphase spindles from *IPL1* and *ipl1-as6* cells treated with 40 µM 3-MB-PP1 for 15 min. (E) Ipl1 inhibition alleviates the decreased MT polymerization caused by *sli15-17A*. FRAP quantification for metaphase spindles from *SLI15 ipl1-as6* and *sli15-17A ipl1-as6* cells treated with 40 µM 3-MB-PP1.](JCB_201009137_RGB_Fig3){#fig3}

Interestingly, *sli15-17A* cells did show a statistically significant increase in off-center pairs of *CEN15* signals compared with wild type (15.4% and 4.5%, respectively; [Fig. 3 A](#fig3){ref-type="fig"}). Kinetochore mispositioning in metaphase is seen in cells containing hyper-stable tubulin mutations ([@bib27]). Because localization of the CPC to MTs stabilizes the anaphase spindle ([@bib49]), we hypothesized that premature spindle localization of the CPC may perturb MT dynamics necessary for proper metaphase chromosome positioning.

To test this hypothesis, we assessed MT dynamics by performing FRAP analysis on metaphase spindles marked with GFP-Tub1 in wild-type and *sli15-17A* cells. We also analyzed fluorescence decay within the corresponding unbleached region of these spindles to assess MT depolymerization rates. There were no significant differences in decay kinetics between wild-type and *sli15-17A* cells. In contrast, signal recovery is significantly slower in *sli15-17A* than in wild-type cells ([Fig. 3, B and C](#fig3){ref-type="fig"}). The half recovery time for *sli15-17A* spindles is almost twice as long as for wild-type spindles (82.0 ± 20.3 s and 44.8 ± 6.5 s, respectively), indicating that the *sli15-17A* mutations decrease tubulin turnover. Furthermore, because there are no obvious differences in decay rate, decreased turnover seems to be primarily due to decreased MT polymerization. This defect coincides with a small delay in anaphase entry in *sli15-17A* cells (Fig. S2 B). A deficiency in MT polymerization would result in a gradual decrease in the amount of polymerized tubulin, which could explain why *sli15-17A* recovery did not reach the wild-type level. In contrast, Ipl1 inhibition caused no statistically significant effect on either signal decay or half recovery time ([Fig. 3 D](#fig3){ref-type="fig"}). However, the magnitude of the recovery was slightly lower for *ipl1-as6* spindles, indicating that more MTs are failing to turn over. This difference could reflect the requirement for Aurora B in kMT turnover ([@bib39]; [@bib13]). To test whether the decrease in MT dynamics caused by *sli15-17A* depends on Ipl1 activity, we analyzed wild-type and *sli15-17A* spindles in cells in which Ipl1 was inhibited. Ipl1 inhibition mostly restored the MT polymerization rate in *sli15-17A* cells ([Fig. 3 E](#fig3){ref-type="fig"}). Based on the above observations, we conclude that premature Ipl1 localization to the metaphase spindle reduces MT growth in *sli15-17A* cells. This is the first demonstration that premature targeting of Ipl1/Aurora activity to the metaphase spindle reduces MT dynamics.

Reduced Ipl1/Aurora-mediated phosphorylation of Sli15/INCENP promotes CPC accumulation on the central spindle in anaphase
-------------------------------------------------------------------------------------------------------------------------

The yeast CPC forms foci distributed along the spindle in early anaphase B and becomes focused at the spindle midzone toward the end of anaphase when spindle elongation slows as the spindle becomes fully elongated ([@bib12]; [@bib7]; [@bib48]). Despite the CPC's known anaphase spindle localization, the reduced MT dynamics caused by ectopic targeting of Ipl1 to the preanaphase spindle prompted us to look for effects of reduced Sli15 phosphorylation by Ipl1 on the anaphase spindle. In vertebrates, Aurora B activity is required for CPC targeting to or retention at the central spindle ([@bib47]; [@bib76]). Therefore, we first examined Sli15's anaphase localization upon Ipl1 inhibition. Unexpectedly, Ipl1 inhibition led to Sli15-3GFP accumulation around the central spindle when the spindle was not fully elongated (\<8 µm long; [Fig. 4, A and B](#fig4){ref-type="fig"}). To eliminate the possibility of incomplete kinase inhibition in *ipl1-as6* cells, we also examined the anaphase CPC localization in cells bearing a well-characterized ts allele *ipl1-2* ([@bib10]), and an Ipl1 activation defective allele *sli15-3* ([@bib36]). We found that the CPC localizes to central spindles in both mutants at the restrictive temperature (Fig. S2 B), confirming that Aurora kinase activity is not essential for CPC targeting to the central spindle in yeast.

![**Premature accumulation of active Ipl1/Aurora along the central spindle reduces midzone length.** (A) CPC is prematurely targeted to the central spindle upon Ipl1 inhibition. Sli15-3GFP localization relative to mCherry-Tub1 during early/mid-anaphase B (spindle \<8 µm long) in wild-type and *ipl1-as6* cells treated with 40 µM 3-MB-PP1. Bar, 2 µm. (B) Quantification of A; P values determined using the Mann-Whitney *U* test. (C) sli15-17A prematurely targets CPC to the central spindle. Localization of Sli15-3GFP and sli15-17A-3GFP relative to mCherry-Tub1 during early/mid-anaphase B (spindle \<8 µm long). Bar, 2 µm. (D) Quantification of C as described in B. (E) sli15-17A reduces spindle midzone length. Representative images of Ase1-4GFP and Spc42-eqFP in *SLI15* and *sli15-17A* cells during anaphase B. Bar, 2 µm. (F) Quantification of Ase1-4GFP zone lengths from cells represented in E. (G) Ipl1 inhibition alleviates the reduced midzone length caused by *sli15-17A*. Representative images of Ase1-4GFP relative to mCherry-Tub1 in *SLI15 ipl1-as6*, *sli15-17A ipl1-as6*, and *sli15-17A IPL1* cells treated with 40 µM 3-MB-PP1. Bar, 2 µm. (H) Quantification of Ase1-4GFP zone lengths from cells represented in G. † and ‡, P values determined using the Mann-Whitney *U* test. ‡, test was of the null hypothesis that ρ = 0.5.](JCB_201009137_RGB_Fig4){#fig4}

To test whether premature CPC targeting to the central spindle is caused by reduced Sli15 phosphorylation, we examined sli15-17A localization in anaphase. Significantly more sli15-17A-3GFP concentrated around the central spindle compared with Sli15-3GFP in cells for which the spindle was not fully elongated (\<8 µm long; [Fig. 4, C and D](#fig4){ref-type="fig"}). It is unclear why signal intensity for sli15-17A-3GFP is consistently stronger than for Sli15-3GFP. Nonetheless, the above observations support the idea that early focusing of the CPC toward the midzone is an effect of reduced Sli15 phosphorylation by Ipl1.

Premature accumulation of active Ipl1/Aurora along the central spindle reduces apparent midzone length
------------------------------------------------------------------------------------------------------

Intriguingly, upon Ipl1 inhibition, Sli15-3GFP was more widely distributed along the central spindle than was sli15-17A-3GFP. *IPL1* loss of function widens the distribution of midzone proteins along the anaphase spindle and increases the frequency of off-centered spindle midzone proteins ([@bib34]). The sharp focusing of sli15-17A-3GFP around the central spindle could therefore result from changes in central spindle organization caused by premature targeting of active Ipl1 to the vicinity of the spindle midzone. To assess whether central spindle accumulation of CPC changes midzone structure, we examined the localization of the midzone component Ase1 in *sli15-17A* cells. Ase1/PRC1, a conserved regulator of cytokinesis, selectively binds the midzone and functions in midzone stabilization and spindle elongation ([@bib30]). Ase1-4GFP zone length on the anaphase spindle in *sli15-17A* was significantly diminished compared with wild type for all spindle lengths ([Fig. 4, E and F](#fig4){ref-type="fig"}). To test whether ectopic targeting of active Ipl1 to the central spindle is responsible for the reduced Ase1 zone size in *sli15-17A* cells, we analyzed Ase1 zone length in *sli15-17A* and *SLI15* cells upon Ipl1 inhibition. There was no significant difference in Ase1 zone length for spindles that have not finished elongating (\<8 µm long; [Fig. 4, G and H](#fig4){ref-type="fig"}), suggesting that Ipl1 kinase activity is responsible for the reduced Ase1 zone in *sli15-17A* cells. We therefore conclude that premature targeting of active Ipl1 to the spindle midzone reduces apparent midzone size.

Premature targeting of active Ipl1/Aurora to the spindle midzone slows spindle elongation
-----------------------------------------------------------------------------------------

The spindle midzone is the site of iMT polymerization, bundling, and sliding, which are essential for anaphase spindle elongation and stability. The reduced midzone size in *sli15-17A* cells motivated us to ask whether premature CPC targeting to the central spindle affects midzone function. Because *sli15-17A* cells showed neither collapsed anaphase spindles nor mispositioned or elongated spindle midzones, we concluded that *sli15-17A* spindles were capable of iMT bundling and sliding, but could have defects in iMT polymerization. Therefore, we attempted FRAP to test whether premature CPC targeting to the midzone decreases the iMT polymerization rate in anaphase, as seen when the CPC localized to MTs in metaphase. However, we were unable to quantify the iMT polymerization rate at the iMTs plus ends due to deleterious effects of the laser intensity necessary for high-resolution imaging. Instead, we analyzed spindle elongation rate as a measure of iMT polymerization in *sli15-17A* cells during anaphase B. Anaphase B consists of two phases characterized by the speed of spindle elongation: the fast growing phase 1 and the slow growing phase 2 ([@bib64]). The *sli15-17A* mutations significantly decreased both phase 1 and phase 2 elongation rates compared with wild-type cells ([Fig. 5 A](#fig5){ref-type="fig"}). There was also a corresponding shift toward longer phases 1 and 2 for *sli15-17A* compared with wild-type cells ([Fig. 5 B](#fig5){ref-type="fig"}). As a result of these delays, *sli15-17A* cells had longer anaphase B durations than wild-type cells ([Fig. 5 C](#fig5){ref-type="fig"}). However, wild-type and *sli15-17A* cells showed no significant difference in final spindle length ([Fig. 5 D](#fig5){ref-type="fig"}). When we attempted to test whether the decreased iMT elongation rate in *sli15-17A* cells requires Ipl1 kinase activity, the high degree of phenotypic variability present in these strains, likely caused by genetic interactions among the multiple mutations present (*sli15-17A*,*ipl1-as6*, and deletions of the multi-drug resistance genes *PDR5* and *SNQ2*), made the results ambiguous. Nonetheless, when combined with our results for metaphase MT dynamics, the abovementioned observations suggest that decreased Sli15 phosphorylation by Ipl1 in anaphase B lowers iMT elongation rates by targeting the CPC to the spindle midzone.

![**Premature targeting of Ipl1/Aurora activity to the spindle midzone slows anaphase spindle elongation.** (A) *sli15-17A* reduces the anaphase B spindle elongation rate. Box plot showing rates of fast and slow spindle elongation (phases 1 and 2) in *SLI15* and *sli15-17A* cells. (B) *sli15-17A* increases anaphase B phase 1 and 2 durations. Box plot showing durations of phases 1 and 2 in *SLI15* and *sli15-17A* cells. (C) *sli15-17A* increases total anaphase B duration. Box plot showing anaphase B durations in *SLI15* and *sli15-17A* cells. (D) *sli15-17A* does not significantly affect final anaphase spindle length. Box plot showing anaphase spindle lengths just before spindle breakdown in *SLI15* and *sli15-17A* cells. (E) *sli15-17A* reduces Bim1/EB1 association with the anaphase spindle. Box plot showing mean Bim1-4GFP fluorescence intensities along anaphase spindles in cells containing *sli15-17A* or *SLI15*, *BIM1-4GFP*, and *mCherry-TUB1.* The distributions' medians differed significantly (Mann-Whitney *U* test = 27613141, n~WT~ = 1858, n~17A~ = 2013, P \< 2.2 × 10^−16^, two-tailed test; ρ = 0.74). See Materials and methods. ‡, P values determined using the Mann-Whitney *U* test for the null hypothesis that ρ = 0.5. Bim1-4GFP sizes and expression levels were comparable (see [Fig. S2 D](http://www.jcb.org/cgi/content/full/jcb.201009137/DC1)).](JCB_201009137_RGB_Fig5){#fig5}

How does CPC targeting to the spindle midzone slow spindle elongation? Ipl1 partly regulates spindle midzone organization by controlling the localization of multiple midzone proteins ([@bib49]; [@bib34]). Therefore, the reduced spindle elongation rate in *sli15-17A* cells might be caused by changes in localization and/or activity of proteins that are regulated by Ipl1. Therefore, we sought to identify downstream factors involved in Ipl1-dependent iMT dynamics and spindle elongation. Such factors might be expected to reduce anaphase spindle elongation and/or midzone length when improperly regulated. Reduced midzone length has been observed in cells in which the gene encoding the EB1-related plus end--binding protein Bim1 was deleted ([@bib17]). Furthermore, EB1 proteins modulate MT dynamics and are essential for anaphase spindle elongation ([@bib56]). Because Ipl1 phosphorylation diminishes Bim1 interaction with MTs ([@bib77]; [@bib75]), targeting active Ipl1 to the central spindle could decrease Bim1 binding to spindle MTs. To test this hypothesis, we examined anaphase spindle--associated Bim1-4GFP fluorescence intensity in *sli15-17A* cells. Bim1-4GFP signals decreased in *sli15-17A* compared with wild-type cells ([Fig. 5 E](#fig5){ref-type="fig"}). This result, combined with the aforementioned data, seems to imply that the CPC controls anaphase iMT dynamics in part by affecting Bim1 association with the spindle. It is unclear, however, whether the decreased Bim1 in *sli15-17A* cells was a direct consequence of increased Bim1 phosphorylation by Ipl1 because we could not detect changes in Bim1 phosphorylation using electrophoretic mobility shift assays (Fig. S2 E). It is possible that the difference in phosphorylation is too subtle to detect with this assay, or that additional factors controlled by the CPC affect Bim1 association with spindle MTs.

Decreased Sli15/INCENP phosphorylation by Ipl1/Aurora promotes direct binding of the CPC to MTs
-----------------------------------------------------------------------------------------------

To understand the mechanism underlying the regulation of CPC targeting to the central spindle, we used an in vitro system to determine whether Ipl1/Aurora phosphorylation of Sli15 directly affects CPC affinity for spindle midzone MTs. To this end, recombinant WT and 17A CPCs that contain all four subunits were purified. The gel filtration profiles and subunit stoichiometries of the WT and 17A CPCs were comparable ([Fig. 6 A](#fig6){ref-type="fig"}).

![**Decreased Sli15/INCENP phosphorylation by Ipl1/Aurora promotes direct CPC binding to bundled MTs.** (A) Gel filtration profile of recombinant WT CPC or sli15-17A (17A) CPC. Void volume was ∼8.0 ml. (B) Reduced Sli15 phosphorylation by Ipl1 increases CPC affinity for MTs. MT cosedimentation assay using WT, 17A, and alkaline phosphatase--treated WT CPCs. The supernatant (S) and pellet (P) were analyzed by Western blot using anti-Bir1 antibody. (C) Reduced Sli15 phosphorylation by Ipl1 increases CPC affinity for bundled MTs. Segmented MTs (see Materials and methods) were bundled with Cin8 before incubation with Alexa 488--labeled WT or 17A CPC. Bar, 5 µm. (D) Quantification of CPC association with bundled MTs represented in C. See Materials and methods for details. Significance was determined using the two-sample Kolmogorov--Smirnov test (D = 1; P = 4.9 × 10^−10^). (E) MTs facilitate CPC multimerization. Box plot showing fluorescence intensities for 17A CPC spots represented in C that were not associated (off MTs) or associated (on MTs) with MTs. The distributions' medians differed significantly (Mann-Whitney *U* test = 322910, n~off_MTs~ = 445, n~on_MTs~ = 993, P \< 2.2 × 10^−16^, two-tailed test; ρ = 0.73). (F) Plot of total fluorescence intensity versus spot diameter for 17A CPC that was found off MTs or on MTs. (G) 17A CPC accumulation on bundled MTs is not due to enhanced interaction with Cin8. After incubation with WT CPC or 17A CPC, Dynabeads-Cin8-7myc conjugate (BB) was separated from the supernatant (S). Cin8, Sli15, and Bir1 were detected by Western blot.](JCB_201009137_RGB_Fig6){#fig6}

To assess whether Ipl1-dependent phosphorylation of Sli15 affects CPC binding to MTs, we performed MT cosedimentation assays using the recombinant WT and 17A CPCs. When 0.25 µM tubulin-derived MTs were used, 42% of 17A CPC cosedimented with MTs while 12% of WT CPC bound to MTs ([Fig. 6 B](#fig6){ref-type="fig"}). Moreover, when dephosphorylated by alkaline phosphatase, WT CPC cosedimented with MTs to a level similar to 17A CPC (50%: [Fig. 6 B](#fig6){ref-type="fig"}). These results demonstrate that removal of Ipl1/Aurora-dependent phosphorylation increases CPC affinity for MTs.

To study how Ipl1/Aurora-dependent phosphorylation affects CPC midzone recognition, we visualized Alexa 488--labeled WT and 17A CPCs mixed with rhodamine-labeled MTs. To validate this approach, we asked whether the difference between WT and 17A CPCs seen in the MT cosedimentation assay is also seen using the fluorescence-based assay. Consistent with the MT cosedimentation result, 17A CPC was ∼26 times more concentrated on MTs than the WT CPC when 0.2 µM tubulin-derived MTs were bundled with the kinesin-5 motor Cin8 ([Fig. 6, C and D](#fig6){ref-type="fig"}). Cin8 binds and bundles MTs, and is part of the spindle midzone ([@bib25]; [@bib57]; [@bib60]; [@bib35]). Note that under these conditions, neither WT nor 17A CPCs showed apparent association with MTs when they were not bundled by Cin8 ([Fig. S3 B](http://www.jcb.org/cgi/content/full/jcb.201009137/DC1)).

Because sli15-17A prematurely targeted the CPC to the spindle midzone in vivo ([Fig. 4, C and D](#fig4){ref-type="fig"}), the efficient CPC interaction with bundled MTs in the fluorescence-based assay motivated us to investigate the mode of CPC association with these MTs. Interestingly, Alexa 488--labeled CPCs displayed a tendency to form bright distinctive foci when bound to MTs, rather than distributing homogeneously along MTs ([Fig. 6 C](#fig6){ref-type="fig"}). The median fluorescence intensity was significantly higher for MT-associated CPC spots than for CPC not bound to MTs ([Fig. 6 E](#fig6){ref-type="fig"}). In addition, a positive correlation between fluorescence intensity and spot diameter was seen for MT-associated CPC, but not for unassociated CPC ([Fig. 6 F](#fig6){ref-type="fig"}), suggesting that MT binding facilitates CPC multimerization.

Because the *C. elegans* kinesin-5 motor BMK-1 associates with Air-1/Aurora ([@bib5]), we tested whether CPC enrichment at bundled MTs was caused by direct interaction between Cin8 and the WT or 17A CPC. Under the same conditions used for our fluorescent analysis, we did not detect significant interaction between Cin8 and either WT or 17A CPC ([Fig. 6 G](#fig6){ref-type="fig"}). Based on these observations, we concluded that the CPC prefers the surface of bundled MTs and that when phosphorylation of Sli15 by Ipl1 is diminished, the affinity of the CPC for bundled MTs increases.

The CPC localizes to different subdomains of the spindle in response to Sli15/INCENP phosphorylation by Ipl1/Aurora and Cdk1
----------------------------------------------------------------------------------------------------------------------------

Cdc14 is the major counteracting phosphatase for Cdk1 in yeast, whereas the corresponding activity remains unclear in vertebrates ([@bib53]; [@bib45]). Loss of Cdc14 prevents CPC binding to the anaphase spindle; this result led to the conclusion that Cdk1-dependent phosphorylation of Sli15 prevents CPC association with the preanaphase spindle ([@bib49]). Our observation that Ipl1 also prevents CPC binding to preanaphase spindles prompted us to test whether decreased Ipl1 activity promotes CPC association with anaphase spindles when the CPC remains phosphorylated by Cdk1. We examined Sli15-3GFP localization in cells containing the ts *cdc14-2* allele ([@bib49]) and either *ipl1-as6* or *IPL1*. Upon inhibitor treatment, Sli15-3GFP became associated with anaphase spindles in *ipl1-as6* cells, whereas *IPL1* cells showed no spindle localization ([Fig. 7, A and B](#fig7){ref-type="fig"}). To determine if this was a direct effect of Sli15 phosphorylation, we examined sli15-17A association with anaphase spindles in *cdc14-2* cells. sli15-17A partially localizes to anaphase spindles in *cdc14-2* cells ([Fig. 7, C and D](#fig7){ref-type="fig"}). These observations confirm that in addition to Cdk1, Ipl1/Aurora also regulates CPC association with spindle MTs. It is noteworthy that both Sli15-3GFP in *ipl1-as6* cells and sli15-17A-3GFP accumulate most strongly near the spindle poles in *cdc14-2* cells rather than being distributed along the spindle. This localization pattern, which we also saw for *ipl1-as6* and *sli15-17A* cells in metaphase, is distinct from the reported localization of Sli15^6*A*^, which lacks Cdk1 phosphorylation sites and localizes along the entire length of the spindle ([@bib49]). Our observations imply that, in the presence of phosphorylation at Cdk1 sites, Ipl1 phosphorylation functions to prevent the CPC from localizing to spindle poles. These observations also suggest that there may be combinatorial regulation of CPC localization based on its phosphorylation pattern.

![**The CPC localizes to different spindle subdomains in response to Sli15/INCENP phosphorylation by Ipl1/Aurora and Cdk1.** (A) Ipl1 inhibition partially restores CPC localization to the anaphase spindle in *cdc14-2* cells. Localization of Sli15-3GFP and Tub1-mCherry in *IPL1 cdc14-2* or *ipl1-as6 cdc14-2* cells exposed to the restrictive temperature (34°C) for 2 h and then treated with 60 µM 3-MB-PP1 for 15 min. Bar, 2 µm. (B) Quantification of observations represented in A; error bars show standard errors. (C) sli15-17A partially restored its localization to the anaphase spindle in *cdc14-2* cells. Localization of Sli15-3GFP or sli15-17A-3GFP and Tub1-mCherry in *cdc14-2* strains exposed to 34°C for 2 h. Bar, 2 µm. (D) Quantification of observations represented in C; error bars show standard errors.](JCB_201009137_RGB_Fig7){#fig7}

Discussion
==========

We have demonstrated that Ipl1/Aurora-dependent phosphorylation of Sli15/INCENP prevents CPC association with specific mitotic spindle regions and that this self-regulation facilitates localized MT growth. Aurora B increases kMT turnover and destabilizes incorrect kinetochore--MT attachments to promote chromosome biorientation ([@bib11]; [@bib39]; [@bib40]; [@bib13]; [@bib52]). Premature CPC accumulation in *sli15-17A* cells on the spindle does not interfere with chromosome biorientation, but delays spindle MT growth. CPC autophosphorylation may thus contribute to the known Ipl1/Aurora-dependent mechanisms for chromosome misattachment correction by maintaining the MT dynamics essential for kinetochore capture.

Mechanisms for targeting CPC to the central spindle may vary in different organisms. Aurora B activity is required for CPC targeting to the spindle midzone in chicken DT40 cells ([@bib76]), and for the retention of the CPC at the spindle midzone in rat NRK cells ([@bib47]). In contrast, yeast CPC prematurely localized to spindle midzones upon Ipl1 inhibition. These differences are not surprising because yeast has only one Aurora kinase whereas vertebrates have Aurora A and B, which have distinct localization patterns and functions ([@bib8]). Presumably the behavior in yeast is ancestral whereas the vertebrate behavior reflects an elaboration subsequent to an ancient gene duplication. Although the best-characterized yeast Ipl1/Aurora functions parallel known Aurora B functions ([@bib3]; [@bib36]; [@bib66]; [@bib52]), Ipl1 also plays a role in bipolar spindle assembly similar to Aurora A ([@bib38]). It is thus plausible that the yeast CPC carries out the functions of both Aurora A and B, and consequently requires different patterns of regulation. In support of this idea, the spindle pole accumulation of the CPC in *sli15-17A* cells lacking Cdc14 phosphatase activity resembles Aurora A localization ([Fig. 8 A](#fig8){ref-type="fig"} \[right\] and B \[bottom right\]; [@bib62]). This observation is consistent with our hypothesis that Cdk1 and Ipl1/Aurora combinatorially regulate CPC localization. Differential phosphorylation patterns could specifically and independently target the CPC to distinct places (centromeres, spindle poles, chromatin, and spindle MTs) at precise times (metaphase, anaphase, and cytokinesis) in order to perform the combined functions of Aurora A and B.

![**A model illustrating the regulation of CPC localization in preanaphase and anaphase by Cdk1 and Ipl1/Aurora in yeast.** A key to cellular components and states of spindle MT dynamics (red text) is shown. Predominant CPC localization patterns in wild-type cells are indicated as "typical" (yellow background). Other localization patterns are atypical or represent a minor part of the wild-type localization. Arrows indicate balance between Sli15 phosphorylation states. Centromere-localized CPC is not shown. (A) Regulation of CPC localization in preanaphase/metaphase. (B) Regulation of CPC localization in early/mid anaphase B. (C) Regulation of CPC localization in late anaphase B. See Discussion for details.](JCB_201009137R_RGB_Fig8){#fig8}

Ipl1/Aurora-mediated phosphorylation of Sli15/INCENP regulates CPC localization
-------------------------------------------------------------------------------

It was suggested that Ipl1 phosphorylation of Sli15 has little effect on CPC localization based on abolishing eight Ipl1 consensus sites in Sli15 ([@bib49]). This result differs from our observations using sli15-17A, a protein lacking 17 Ipl1 consensus sites, which targets the CPC to the metaphase spindle ectopically. For the previous study the \[RK\]x\[TS\]\[ILV\] Ipl1 consensus site was used ([@bib11]), whereas in this study we used \[RK\]x\[ST\]\[ILVST\] based on the in vivo phosphorylation sites of known Ipl1/Aurora substrates such as histone H3 and Sli15/INCENP ([@bib26]; [@bib4]; [@bib11]). Consequently, sli15-17A contains nine more mutations, seven of which fall within the previously defined MT-binding domain of Sli15 ([@bib31]).

The following observations provide additional support for our conclusions about CPC auto-regulation. First, the yeast CPC sometimes localizes to preanaphase spindles or spindle poles under mildly perturbed conditions ([@bib36]; [@bib7]; [@bib51]). Second, we observed that the electrophoretic mobility of sli15-17A resembles Sli15 upon Ipl1 inhibition. Third, the CPC was targeted to the metaphase spindle not only in response to Ipl1 chemical inhibition, but also using a ts allele of *IPL1*. Lastly, as seen for *sli15-17A cdc14-2* cells, the anaphase spindle localization of the CPC was partially restored in cells in which both Ipl1 kinase and Cdc14 phosphatase activities were compromised. We conclude that the CPC auto-regulates its localization to the spindle through phosphorylation of Sli15.

Autophosphorylation of the CPC prevents its direct binding to bundled MTs
-------------------------------------------------------------------------

We demonstrated that the full CPC is sufficient to bind directly to MTs and that this binding is greatly weakened when Sli15/INCENP is phosphorylated by Ipl1/Aurora. Because 17A CPC showed increased binding to bundled MTs, we speculate that MT bundling promotes multiple interactions with the CPC when Sli15 is not phosphorylated by Ipl1. This model provides a mechanistic explanation for how CPC autophosphorylation controls CPC distribution along the anaphase spindle. We can imagine two possible mechanisms for self-regulation of CPC affinity for bundled MTs. First, phosphorylation makes the surface charge of MT-binding sites on Sli15 more negative and thus may inhibit interaction with the negatively charged MT surface. Second, phosphorylation might also induce conformational changes within the complex that preclude binding to midzone-like MT arrays.

The yeast CPC forms bright foci along the spindle during anaphase. This native CPC distribution resembles the in vitro distribution of CPC foci within MT bundles observed in this study, implying that MT-dependent cooperative multimerization of the CPC in vitro may also occur in vivo. We speculate that the CPC binds MTs most stably in a cooperative manner and that when Sli15 phosphorylation by Ipl1 is reduced the increased CPC affinity for bundled MTs recruits a critical amount of CPC. The positive feedback created by this cooperative binding could help explain how the CPC concentrates onto the spindle midzone in late anaphase in vivo. Future structural analyses and in vitro reconstitution of the CPC and its interactions with MTs will be informative.

Self-regulation of the CPC is necessary for the proper control of MT dynamics
-----------------------------------------------------------------------------

The highly dynamic metaphase/preanaphase spindle MTs promote formation of bipolar chromosome attachments. This MT dynamicity is promoted by high Cdk1 and low Cdc14 activities ([@bib22]). A component of this mechanism is the Cdk1-dependent phosphorylation of Sli15 that helps prevent CPC binding to the spindle ([Fig. 8 A](#fig8){ref-type="fig"}; [@bib49]). Based on our observations, Ipl1-dependent phosphorylation of Sli15 is also crucial for maintenance of normal metaphase MT dynamics by preventing CPC binding to the spindle and spindle poles. Glc7/PP1, the counteracting phosphatase for Ipl1, possibly contributes to the CPC's dynamic localization during this period by allowing rapid turnover of Sli15 phosphorylation.

At anaphase onset, Cdk1 activity becomes low, whereas Cdc14 phosphatase activity becomes high ([@bib65]). Loss of Cdk1-dependent phosphorylation of Sli15 targets the CPC to the anaphase spindle, where the CPC forms foci along the spindle and contributes to spindle midzone integrity by regulating the localization of midzone proteins ([@bib49]; [@bib34]). Ipl1 is active throughout anaphase ([@bib7]) and, based on our observations, the resultant CPC autophosphorylation prevents premature CPC focusing to the spindle midzone ([Fig. 8 B](#fig8){ref-type="fig"}), facilitating iMT polymerization by allowing recruitment of factors promoting MT polymerization. We hypothesize that, when the spindle becomes fully elongated in late anaphase, Glc7/PP1-dependent dephosphorylation of Sli15 promotes CPC movement toward the spindle midzone ([Fig. 8 C](#fig8){ref-type="fig"}). This accumulation of active Ipl1/Aurora at the spindle midzone could limit MT polymerization and thereby prevent spindle overgrowth by phosphorylating and removing MT-binding proteins that are involved in MT polymerization.

Why do cells need more than one kinase to regulate a single substrate in the context of a single biological process? It may be that multiple regulatory pathways allow cells to achieve fine spatiotemporal control over the CPC. Consistent with this idea, Cdk1 and Ipl1/Aurora are regulated differently. Cdk1 activity is primarily subject to temporal control governed by the level of cyclins ([@bib65]). In contrast, substrate phosphorylation by Ipl1/Aurora is mostly influenced by the spatial arrangement of the substrates relative to the kinase and Glc7/PP1 phosphatase ([@bib16]; [@bib41]). It is therefore possible that Glc7/PP1 or one of its regulatory factors might localize along the anaphase spindle and reduce Ipl1/Aurora-dependent Sli15/INCENP phosphorylation in order to drive the CPC toward the midzone. Recently, an intermediate filament protein, Fin1 ([@bib70]), was shown to localize along anaphase spindles and to activate Glc7/PP1 ([@bib74]; [@bib2]). This localization would facilitate increased central spindle accumulation of the CPC without decreasing Ipl1-dependent substrate phosphorylation in the central spindle. In future work, it will be important to test whether Fin1-Glc7 activity is necessary for CPC focusing to the central spindle and to identify other factors involved in this process.

Materials and methods
=====================

Strains and plasmids
--------------------

All yeast strains were derived from the S288C background, except for a protease-compromised strain (DDY1810), and were grown in yeast extract/peptone or synthetic medium supplemented with appropriate nutrients and 2% glucose at 25°C unless otherwise noted. All epitope- and fluorescently tagged genes were expressed at their endogenous loci under their native promoters as described previously ([@bib42]). The mutations in *sli15-17A* (S137A, S177A, S276A, T277A, S298A, S305A, S326A, S382A, S383A, S391A, T395A, S413A, S432A, S460A, T564A, S578A, and T589A) were generated by gene synthesis (GenScript) in combination with site-directed mutagenesis (QuikChange Mutagenesis kit; Agilent Technologies). Wild-type *SLI15* and *sli15-17A* were cloned into pBSKS+ and then a nourseothricin resistance gene cassette ([@bib18]) was inserted 100 bp 3′ of each ORF. These inserts were transformed into a diploid strain heterozygous for a *SLI15* deletion to target each construct to the endogenous locus. The 10-kb LacO array ([@bib63]) was inserted into an intergenic region 1.8 kb away from *CEN15* as described previously ([@bib19]). The Cin8 expression plasmid was constructed by cloning the *CIN8* ORF (BamHI--NotI) into the pRS426 plasmid containing the GAL1-10 promoter, a TEV protease recognition site, and encoding seven repeats of the myc epitope ([@bib55]). All yeast strains and plasmids used in this study are listed in [Table S1](http://www.jcb.org/cgi/content/full/jcb.201009137/DC1).

Yeast cell cycle synchronization
--------------------------------

To create preanaphase spindle conditions, cells were treated with 0.1 M hydroxyurea (HU) for 2.5 h, which maintains spindle MT dynamicity and biorientation ([@bib37]). To synchronize cells in metaphase by depletion of Cdc20, an activator of the anaphase-promoting complex ([@bib69]), cells containing *CDC20* driven by *MET3* promoter were first arrested in G1 with 10 µg/ml α-factor for 3 h and then released into media containing 10 mM methionine for 3 h. To induce metaphase arrest by depolymerizing MTs, cells were treated with 15 µg/ml nocodazole for 2 h.

Statistics
----------

Error bars show standard deviations except where otherwise indicated. Whiskers on box plots show the extreme values of the data. Top and bottom of box indicate the 75th and 25th percentiles. Dark bar at the waist of the box indicates the median (50th percentile). If the notches (indentations in the sides of the box) of two datasets do not overlap then this is considered strong evidence that the two medians are different ([@bib9]).

Statistical analyses and box plots were performed using R (<http://www.r-project.org>; [@bib54]). Unless otherwise noted, significances (P values) were determined using the two-tailed Student's *t* test (two-sample, unequal variance). Normality of data was evaluated using the Shapiro-Wilk test. For tests using the Mann-Whitney *U* test (two-tailed test), similarity of the data distributions was evaluated using quantile--quantile plots. Also calculated were ρ values (= *U*/(n~1~\*n~2~), where n~i~s are the sample sizes) that give an estimate of the probability that a randomly chosen value from the first population will be larger than a randomly chosen value from the second population ([@bib21]). Unless otherwise noted, P values obtained from the Mann-Whitney *U* test were for tests of the null hypothesis (H~0~) that the medians were identical.

In vitro kinase assay
---------------------

In vitro kinase assays were conducted as described previously ([@bib11]) with the following modifications. BSA was added to the reaction to a final concentration of 67 µg/ml. 1 pmol of CPC (containing only wild-type subunits, ipl1-K133R, or sli15-17A) and 100 pmol of substrate (Dam1 complex or histone H3-H4 tetramer) were used for each reaction. The reaction was conducted at ambient temperature and samples were collected every 10 min for 30 min. The Dam1 complex was expressed and purified as described previously ([@bib71]). In brief, BL21Rosetta cells (EMD) containing the plasmid pC43HSK3H ([@bib44]) was grown at 37°C to OD~0.4~, and then protein expression was induced in the presence of 1 mM IPTG for 4 h. After the cells were harvested and washed with phosphate-buffered saline (PBS) the cells were lysed in 20 mM sodium phosphate (pH 6.8), 500 mM NaCl, 1 mM EDTA, 20 mM imidazole, and 0.5% (vol/vol) Triton X-100 by sonication, and the lysate was cleared by centrifugation. Ni-NTA agarose beads (QIAGEN) were incubated with the cleared lysate for 2 h at 4°C and then were collected and washed with the lysis buffer. The proteins were eluted in 6 ml 20 mM sodium phosphate, 500 mM NaCl, 1 mM EDTA, and 200 mM imidazole. After overnight dialysis against 20 mM sodium phosphate, 150 mM NaCl, and 1 mM EDTA, the dialysate was loaded onto a 1-ml HiTrap SP Sepharose column (GE Healthcare), and proteins were eluted with a 10-ml linear gradient of 0.15 to 1 M NaCl in 20 mM sodium phosphate (pH 6.8) 1 mM EDTA buffer. The *Xenopus* histone H3/H4 tetramer was a kind gift from P. Kaufmann (University of Massachusetts, Worcester, MA).

Chromatin immunoprecipitation
-----------------------------

Chromatin immunoprecipitation from preanaphase cells was conducted based on previously described methods ([@bib6]; [@bib31]). The yeast cells were grown to early log phase (OD~600~ 0.2--0.4) and then treated with 0.1 M hydroxyurea for 2.5 h at 30°C. The protein--DNA complexes were then cross-linked with 1% formaldehyde (37% stock; Thermo Fisher Scientific) for 2 h at 25°C. The reaction was terminated by addition of glycine (Sigma-Aldrich) to a final concentration of 125 mM and incubating for 5 min. After washing twice with 50 ml of cold TBS, the cells were resuspended in 900 ml of the lysis buffer (all buffer compositions were as described in [@bib6]) containing proteinase inhibitor cocktail IV (EMD). The cells were lysed using a Mini-Beadbeater (Biospec Products) with an equal volume of glass beads at 4°C at the maximum speed. Cycles of 2 min of beating followed by 1 min on ice were performed until \>80% cells were lysed. After collecting the lysate by centrifugation, the lysate was sonicated six times for 10 s on ice (at 20% duty cycle at 2.5 output setting; Sonicator W-385 \[Misonix\]). The lysates were then cleared by centrifugation and split into three tubes: input, mock treatment, and target sample. The target sample was incubated with anti-myc antibody (9E10) for 1 h before the addition of preblocked Protein G--Sepharose (GE Healthcare) and 4 µg/µL lambda DNA (sonicated to 200--1000 bp). The mock-treated sample was treated as the target sample except no antibody was added. The protein G--Sepharose was preblocked in a solution consisting of 1x TE 1.54 mM NaN~3~ 1 mg/ml BSA. After a 3-h incubation at 4°C, the beads were washed and resuspended in ChIP elution buffer containing proteinase K (Fermentas) to a final concentration of 250 µg/ml and incubated at 37°C for 12 h. The input DNA (the sonicated lysate) was also treated with proteinase K at this time. All samples were then incubated at 65°C for 6 h. DNA was recovered by phenol-chloroform extraction followed by ethanol precipitation. DNA was resuspended in TE and subjected to PCR analysis.

Western blotting
----------------

Yeast whole-cell extracts were prepared as described previously ([@bib33]). Target proteins were detected using anti-myc antibody (9E10), anti-GFP antibody (Torrey Pines Biolabs), anti-Pgk1 antibody (Invitrogen), or as otherwise noted.

FRAP and live-cell microscopy
-----------------------------

Cells suspended in minimal growth medium were mounted on a coverslip coated with concanavalin A (Sigma-Aldrich). FRAP was conducted using a confocal microscope (LSM710; Carl Zeiss) equipped with a 63x 1.4 NA Plan Apochromat oil objective. Pinhole size was set to two Airy units. After photobleaching, images were acquired using ZEN 2009 software (Carl Zeiss) at ambient temperature every 2.6 s as a stack of four images with a 700-nm axial separation. These images were converted to a series of 2D images by maximum intensity projection using ZEN 2009 software. Image processing and the intensity measurements were conducted using iVision (BD) and Imaris (Bitplane) software. Initial corrections to fluorescence values were conducted by established methods (<http://www.embl.de/eamnet/frap/FRAP6.html>; [@bib50]). Half-time for fluorescence recovery (t~1/2~) values were determined by plotting ln(y~max~ − y) vs. time, where y is the corrected fluorescence and y~max~ was determined from the binomial regression curve fit to the corrected fluorescence values. The slopes of these lines (k) were then converted to t~1/2~ values: t~1/2~ = ln(0.5)/k.

To display the averaged curves, fluorescence decay values were converted to a percentage of the prebleach fluorescence. Recovery values were converted to a percentage of the difference between the pre- and post-bleach fluorescence. The means and standard deviations for values falling in 5-s intervals were then determined and plotted; where necessary, curves were shifted vertically to align y-intercepts.

Other live-cell microscopy experiments were performed using a microscope (IX81-OMAC; Olympus) equipped with 100x 1.4 NA Plan Apochromat oil objective. Cells suspended in minimal growth medium were mounted on a coverslip coated with concanavalin A (Sigma-Aldrich). Images were acquired using MetaMorph software (Molecular Devices) at ambient temperature unless otherwise noted as a stack of seven images with 400-nm axial separation using an Orca II camera (Hamamatsu Photonics) with 2 × 2 binning (1 pixel, ∼129 nm). Alexa 488--labeled CPC and TRITC rhodamine-labeled MTs were visualized using the same equipment described above with 1 × 1 binning (1 pixel, ∼64.5 nm). Images were processed using Imaris (Bitplane) and ImageJ software (<http://rsb.info.nih.gov/ij>).

CPC purification
----------------

CPC purification was conducted as described previously ([@bib48]), with the following modifications. Nbl1 was purified from bacteria and denatured in buffer containing 6 M guanidine HCl for 30 min on ice and then added to the cleared lysate from insect cells (ES-Sf9) expressing Ipl1, Sli15, and Bir1. For fluorescently labeled CPC, the complex was incubated with Alexa 488 C5 maleimide (Invitrogen) on ice in the dark for 2 h before gel filtration.

Size exclusion chromatography of the CPC
----------------------------------------

For analysis of the native yeast-CPC, a protease-compromised strain (DDY1810) expressing *SLI15-13myc* at the endogenous locus under the native promoter was grown to early log phase (OD~600~, 0.3--0.35) before addition of either 15 µg/ml nocodazole or 0.1 M hydroxyurea. After being spheroplasted, the cells were lysed through homogenization into buffer supplemented with metabolic, protease, and phosphatase inhibitors (50 mM Bis-Tris propane, pH 7.4, 0.1 M KCl, 5 mM EGTA, 5 mM EDTA, 10 mM NEM, 20 mM β-glycerophosphate, 40 µM cantharidin, 20 mM Na pyrophosphate, 10 mM NaN~3~, 20 mM NaF, 0.8 mM Na orthovanadate, 1 mM PMSF \[all from Sigma-Aldrich\], and 1x protease inhibitor cocktail IV \[EMD\]) to preserve the stability and post-translational modifications. The cleared lysates were subject to gel filtration using a Superose 6 10/300 column (GE Healthcare) with a fraction size of 0.5 ml. The same gel filtration condition was used for molecular weight markers (HMW; GE Healthcare, Bio-Rad Laboratories). Detection of Sli15-13myc in gel filtration fractions was done by Western blot using anti-myc (9E10) antibody. Gel filtration of recombinant CPC and molecular weight markers (Bio-Rad Laboratories) was conducted using a Superose 6 10/300 column (GE Healthcare) with a fraction size of 0.5 ml.

Fluorescence-based MT association assay
---------------------------------------

To generate segmented MTs, unlabeled guanylyl-(a,b)-methylene-diphosphonate (GMPCPP)-MT seeds were polymerized by incubating 2 µM tubulin (purified from bovine brain) with 1 mM GMPCPP in BRB80 buffer (80 mM Pipes-KOH, pH 6.8, 1 mM MgCl~2~, and 1 mM EGTA) for 30 min at 37°C. These seeds were then used to elongate TRITC rhodamine-labeled GDP-MTs by diluting 10-fold and incubating with a 10-µM labeled/unlabeled tubulin mix (5% TRITC rhodamine-labeled porcine tubulin \[Cytoskeleton\] and 95% unlabeled tubulin) and 100 µM GTP in BRB80 buffer for 20 min at 37°C. To stabilize the MTs, taxol (Paclitaxel; Sigma-Aldrich) was then added to a final concentration of 20 µM, and the MTs were incubated for another 10 min at 37°C.

Alexa 488--labeled CPCs were diluted into CPC buffer (50 mM Bis-Tris propane, pH 6.8, 100 mM arginine, 100 mM glutamic acid, 300 mM NaCl, 2 µM Zn(CH~3~CO~2~)~2~, 2 µM CaCl~2~, 100 µM MgCl~2~, 100 µM ATP, 1 mM DTT, and 20% glycerol) supplemented with 1 mg/ml BSA and dialyzed into CPC buffer containing 50 mM NaCl at 4°C for 2 h. After dialysis, taxol was added to the CPCs to a final concentration of 10 µM. Segmented MTs (0.2 µM tubulin) in CPC buffer were incubated with 2 nM Cin8 for 10 min at ambient temperature, then 2 nM final concentration of CPC was added to the reaction for 3 min before imaging in the presence of oxygen scavengers (0.2 mg/ml glucose oxidase, 35 µg/ml catalase, 0.25% β-mercaptoethanol, and 4.5 mg/ml glucose; [@bib14]).

Fluorescent spot detection and analysis were done with Imaris software (Bitplane) using default settings except for setting the minimum spot diameter to 100 nm. CPC spots on unlabeled seeds (in gaps aligned with TRITC MTs) were manually classified as MT bound. Frequency (µm^−2^) of Alexa 488 CPCs on MTs was determined for each MT bundle examined by dividing the number of Alexa 488--labeled CPC dots associated with the bundle by the total MT area in the field containing the MT bundle. A total of 14 microscope fields containing MT bundles were examined for both the WT and 17A CPCs (containing 17 and 16 separate bundles, respectively) and no fields containing bundles were ignored. The total MT areas that were analyzed for the WT and 17A CPCs were 69.7 × 10^9^ µm^2^ and 54.10^9^ µm^2^, respectively. Total Alexa 488 fluorescence intensity over the area of the spot was determined for each spot.

MT cosedimentation assay
------------------------

The recombinant CPCs were supplemented with 1 mg/ml BSA and dialyzed into CPC buffer containing 50 mM NaCl for 2 h at 4°C. After dialysis, taxol was added to a final concentration of 20 µM. MTs in CPC buffer containing 100 mM NaCl and 20 µM taxol were added to a final concentration of 0.25 µM tubulin. CPCs and MTs were incubated at ambient temperature for 20 min before ultracentrifugation at 50 krpm at 25°C for 15 min. The supernatant and pellet were separated and analyzed by Western blot using anti-Bir1 antibody. Signal intensity was quantified using ImageJ software.

Cin8 purification and immunoprecipitation of CPC
------------------------------------------------

Cin8-7myc was overexpressed and purified as described previously ([@bib55]) with the following modifications. Cin8-7myc purification buffer consisted of 20 mM Hepes, pH 7.5, 1 mM EGTA, 5 mM MgCl~2~, 1 mM ATP, and 100 mM KCl. Cin8-7myc--bound IgG Sepharose (GE Healthcare) was washed with buffer containing 500 mM KCl to remove contaminants before myc-tag removal by TEV protease. TEV protease (pRK793) was expressed and purified as described previously ([@bib32]).

For immunoprecipitation of CPC with Cin8, myc antibody (9E10) was conjugated to Dynabeads (Invitrogen) following the company's instructions. WT and 17A CPCs were prepared as described for the fluorescence-based MT association assay. The Dynabeads-bound Cin8 was incubated with CPC in CPC buffer (50 mM NaCl) containing 1 mg/ml BSA for 30 min at 4°C. The beads were washed three times with CPC buffer and the bound and unbound proteins were analyzed by Western blot using anti-Sli15, anti-Bir1 (generous gifts from A. Desai, University of California, San Diego, La Jolla, CA), and anti-myc (9E10) antibodies.

Online supplemental material
----------------------------

Fig. S1 shows that Ipl1 kinase activity is required for CPC exclusion from preanaphase spindles. Fig. S2 shows the time course of CPC kinase reactions with the Dam1 complex and histone H3 as substrates, the requirement for Ipl1-dependent phosphorylation of Sli15 for normal cell cycle progression, CPC targeting to the central spindle in *ipl1 and sli15* temperature-sensitive mutants, Bim1 protein level and electrophoretic band shift in wild-type and *sli15-17A* cells, and electrophoretic mobility of Sli15- and sli15-17A-13myc throughout the cell cycle. Fig. S3 shows the low affinity of the Alexa 488--labeled CPC for rhodamine-labeled MTs. Video 1 shows MT-dependent nuclear localization of the CPC. Table S1 lists the yeast strains and plasmids used in this study. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201009137/DC1>.
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